To adapt to stress, cells must undergo major changes in their gene expression profiles. We have previously described a largely uncharacterized stress response pathway in Caenorhabditis elegans that acts through an evolutionarily conserved motif, termed ESRE, for ethanol and stress response element. We characterize here the requirements for ESRE gene expression and show that the ESRE network is regulated by a conserved SWI/SNF family nucleosome remodeling complex termed PBAF. Depletion of PBAF subunits SWSN-7/BAF200 and PBRM-1/BAF180 results in decreased expression of ESRE genes and increased sensitivity to thermal stress. When overexpressed, SWSN-7/BAF200 and PBRM-1/BAF180 led to increased ESRE transcription, enhanced thermotolerance, and induction of a nuclear ESRE-binding activity. Our data support a model in which PBAF is recruited by an ESRE-binding protein to genomic ESRE sites. We also show that the closely related SWI/SNF complex, BAF, which regulates stress induction through DAF-16/FOXO, does not contribute to ESRE gene expression or bind directly to ESRE sites. To our knowledge, this is the first report demonstrating direct and specific regulation of a stress response network by the PBAF nucleosome-remodeling complex in vivo in metazoa. In addition, we show that PBAF cooperates with the histone demethylase, JMJC-1/NO66, to promote expression of ESRE genes following stress.
A
ll living organisms require a stable internal environment to develop, survive, and reproduce. This internal homeostasis is constantly challenged by a variety of potentially harmful stressors emanating from the external environment. To reestablish internal homeostasis, cells must rapidly alter their gene expression profiles through the activation of stress response pathways or networks (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . These pathways typically lead to the synchronized shortterm expression of a large number of stress-responsive target genes. The activation of stress-associated genes is triggered by the binding of transcriptional regulators to one or more regulatory elements located within the proximal promoter region of target genes. For example, DAF-16/FOXO and heat shock factor 1 (HSF-1)/HSF1, transcription factors that are part of the conserved insulin/insulin-like growth factor 1 signaling (IIS) pathway in Caenorhabditis elegans, regulate the expression of stress-responsive genes by binding to DNA elements within the promoters of their downstream targets (GTAAAC/TA and TTCTA/CGAA, respectively) (11) .
In some cases, stress-responsive genes may be embedded within a repressed genomic environment, which may require chromatin reorganization prior to binding or activation by transcriptional regulators (12) (13) (14) . In the Drosophila genome, for instance, active heat shock element (HSE) sites reside in chromatin areas marked by histone acetylation (H3K9, H3K18, H3K27, H4K5, H4K8, and H4K16) and methylation (H3K4me3 and H3K79me2), covalent modifications associated with transcriptional activation (12) . Conversely, HSE motifs buried within an inactive unmarked chromatin environment are not bound by HSF. Moreover, although HSF binding can be detected at more than a hundred different loci, only a subset of these loci may be transcriptionally active, indicating the presence of additional layers of regulation. These latter findings can be explained by the general observation that genes may often require specific combinations of chromatin regulators and transcription factors for strong expression to occur (15, 16) .
One broad class of chromatin-level transcriptional regulators is the nucleosome-remodeling complexes, which can occupy the same genomic loci as modifiers of histones (15, 16) . Nucleosomeremodeling complexes use energy derived from ATP to remove histones, replace them with other histone variants, or move nucleosomes along the DNA strand to facilitate or inhibit the access of transcription factors and the basal transcriptional machinery (17) . There are four major classes of evolutionarily conserved chromatin-remodeling complexes: SWI/SNF, ISWI, CHD, and INO80. Whereas these complexes have well-known roles in development and disease states, their importance in the adaptation to stress is less well understood (18) (19) (20) (21) . Although the depletion of certain chromatin-remodeling subunits from SWI/SNF, ISWI, and CHD families results in hypersensitivity to stress in yeast, evidence for their role in stress adaptation in multicellular organisms is very limited (22) (23) (24) . C. elegans serves as an important model for studying stress adaptation, with the majority of stress response pathways being highly conserved (25, 26) . The most thoroughly studied stressresponse network in C. elegans, the IIS pathway, regulates the expression of target genes by activating the transcription factor DAF-16/FOXO in response to a wide spectrum of stress conditions (27, 28) . In addition, the IIS pathway leads to HSF-1/HSF1 activation under a more restricted subset of conditions (11, 29) .
The IIS pathway is activated by heat (11) , heavy metals (30) , UV radiation (31) , hypertonic (32) and oxidative stress (32) , and bacterial infection (33) . Functional overlap of the IIS pathway with independent stress regulators, such as SKN-1/NRF-2 and PHA-4/ FOXA, helps to ensure a robust transcriptional response and survival of the organism (9, 10) .
We previously identified two factors that regulate a largely uncharacterized stress response pathway in C. elegans that functions independently of other pathways, including IIS (34) . The pathway acts through an evolutionarily conserved motif, termed ESRE, for ethanol and stress response element (34) (35) (36) . The ESRE pathway regulates the expression of hundreds of genes under a variety of stress conditions, including heat, ethanol, hypertonic, and oxidative stress. The ESRE response network includes SLR-2/ZTF-24, a Zn finger protein, and its downstream transcriptional target, JMJC-1/NO66, a conserved jumonji-C domain-containing histone demethylase (34) . We report here the specific requirement for a subclass of the SWI/SNF nucleosome-remodeling family, PBAF, in the ESRE-mediated stress response in C. elegans. Loss of PBAF function resulted in decreased survival under stress conditions, whereas strains that overexpressed PBAF subunits had a markedly enhanced survival compared to wild type. In addition, we observed the presence of a sequence-specific stress-inducible ESRE-binding protein that may recruit PBAF to ESRE sites within promoters.
MATERIALS AND METHODS
Strains. All strains were cultured on nematode growth medium (NGM) supplemented with Escherichia coli OP50 as a food source according to standard protocols (37) and were maintained at 20°C. The strains used in the present study included N2, WY651 (fdEx87 {3ϫESRE:: DNA constructs. The 3ϫESRE::GFP construct was generated as described previously (34) . Primers used for generating 3ϫESRE mutational variants were as follows (mutated residues are underlined): M1a, 5=-aaaa gcttTGTGCGTCTCTTGTGCGTCTCTTGTGCGTCTCTatgcctgcaggtcg actct-3=; M1b, 5=-aaaagcttTCTCCGTCTCTTCTCCGTCTCTTCTCCGT CTCTatgcctgcaggtcgactct-3=; M2, 5=-aaaagcttTGTCCGTCTCTTGTCCG TCTCTTGTCCGTCTCTatgcctgcaggtcgactct-3=; M3, 5=-aaaagcttTGTCC GTCACTTGTCCGTCACTTGTCCGTCACTatgcctgcaggtcgactct-3=; and M4, 5=-aaaagcttAGTCCGTCACAGTCCGTCACAGTCCGTCACTatgcct gcaggtcgactct-3=. The reverse primer used for all of the variant constructs was pPD_R (5=-CGCTCAGTTGGAATTCTACG-3=).
To create an mCherry version of the 3ϫESRE reporter, green fluorescent protein (GFP) was switched with mCherry using KpnI and EcoRI sites. The mCherry gene was amplified from pJA304 (Addgene) using the primers 5=-AAAAAGGTACCATGGTCTCAAAGGGTGAAGAAGATAA C-3= and 5=-AAAAAGAATTCTGAGACTTTTTTCTTGGCGG-3=. These were digested with KpnI and EcoRI and cloned into the corresponding sites in 3ϫESRE::GFP reporter. The P rol-6 ::GFP construct was generated by amplifying ϳ1.7 kb of the rol-6 promoter sequence from N2 genomic DNA using the primers 5=-CGCCCCTCTAGATTATCATCTTCGGTTT TG-3= and 5=-AACCCCGGTACCCTGGAAATTTTCAGTTAGATCTAA AG-3=. After digestion with XbaI and KpnI, the PCR amplicon was cloned into pPD95.77 (Addgene). The SWSN-7::GFP translational fusion reporter was generated by amplifying an ϳ6.2-kb PCR fragment containing the complete swsn-7 promoter, coding, and 3= untranslated region (3=UTR) regions from genomic DNA. The PCR fragment was cloned into the T/A cloning vector pGEM-T Easy (pDF155), and an in-frame XbaI site was introduced immediately downstream of the swsn-7 start codon by site-directed mutagenesis (QuikChange II XL site-directed mutagenesis kit; Stratagene) to generate plasmid pDF156. A PCR fragment containing the GFP gene (from pPD95.77) was amplified using the primers 5=-AA ACAGTCTAGAGGCGCTATGAGTAAAGGAGAAGAACTTTTCACTG G-3= and 5=-AAAGTTTCTAGAGCTGCTGCTTTTGTATAGTTCATCC ATGCCATGTG-3=. The amplicon was digested with XbaI and cloned into the generated XbaI site of pDF156. Positive clones containing the insert were sequence verified. To generate animals that overexpress SWSN-7 and PBRM-1, we used plasmid pDF155 and an ϳ9.4-kb PCR fragment containing the pbrm-1 promoter, coding, and 3=UTR region, respectively. pbrm-1 was amplified from WRM0635dB10 using 5=-TCTA CACGCACACATGCACAC-3= and 5=-GAATCGCTGACGAGAAGCAG G-3= primers. The plasmid and PCR fragments were injected along with the sur-5::RFP injection marker.
Recombinant protein. A cDNA fragment encoding full-length SLR-2 was cloned into pET30a plasmid (Novagen) and His-tagged SLR-2 protein was expressed using the E. coli BL21(DE3) pLysS strain. Cells were grown in Luria-Bertani (LB) medium at 37°C until log phase (optical density at 600 nm ϭ 0.6) and induced with 0.4 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 6 h. His-tagged SLR-2 expression was purified by using a Probond purification system (Invitrogen).
RNAi. RNA interference (RNAi) studies were carried out as described previously (38) . Control RNAi assays were carried out using a bacterial strain carrying the RNAi vector pDF129.36, which produces an ϳ200-bp dsRNA that is not homologous to any C. elegans genes (39) . For studies using the 3ϫESRE::GFP reporter, L4 hermaphrodites were placed on RNAi plates and incubated for ϳ24 h at 20°C, followed by heat shock at 30°C for 12 h. In cases where standard RNAi plates resulted in substantial embryonic lethality (swsn-7 and swsn-8), dilutions of the targeting RNAi were carried out using a strain containing the vector control RNAi plasmid (pPD129.36). For viability assays and for studies using P hsp-16.1 ::GFP, P hsp- 16.1(dd) ::GFP, and P hsp-16.2 ::GFP reporters, strains were maintained for two generations at 20°C on RNAi plates, followed by heat shock at 30°C for 22 h. RNAi clones from the Source Bioscience library were sequence verified.
Electrophoretic mobility shift assay (EMSA). Nuclear extracts were derived from stressed mixed-stage worm populations exposed to 30°C heat shock for 12 h and prepared using an NE-PER nuclear and cytoplasmic extraction reagent kit (Pierce). Radioactive probes were generated by 5= end labeling of the "top" strand (5=-AAAAGTATCTGCGTCTCTTCA GTACG-3=) using ␥-32 P, followed by annealing to a 10-fold excess of the unlabeled complementary strand (40) . Nuclear extract was preincubated for 10 min on ice in HEPES-based binding buffer [10 mM HEPES-NaOH, pH 7.6; 1 mM dithiothreitol; 1 mM EDTA, pH 8; 5% glycerol; 2.5 mM MgCl 2 ; heparin, 25 fg/l; 0.05% bovine serum albumin; poly(dI-dC), 6.25 ng/l] and then incubated on ice with a 600-fold excess of unlabeled specific (WT) or mutant (M1a, M1b, M2, M3, and M4) competitors for 20 min before labeled probe was added. The final incubation mixture was incubated at room temperature for 1 h before loading (in the absence of loading buffer) onto a 5 or 6% Tris-borate-EDTA gel. Gels were visualized using PharosFX molecular imager system (Bio-Rad). EMSA reactions with the recombinant SLR-2 protein were carried out using the LightShift chemiluminescent EMSA kit (Pierce). For quantification purposes, densities of individual bands were measured using ImageJ (National Institutes of Health).
Quantitative real-time PCR (qPCR). N2 animals were grown on plates with a 1:4 swsn-7 RNAi dilution or on vector-only plates at 20°C for two generations. Embryos were isolated using bleaching methods, cultured overnight in M9 medium, and placed on fresh RNAi plates. Once populations reached the L3 stage, worms were exposed to 30°C for 12 h before being collected for RNA isolation. Total RNA from each sample was isolated using TRIzol and purified on RNeasy minicolumns (Qiagen). cDNA was prepared from 1 g of RNA using a SuperScript II first-strand synthesis system (Invitrogen), and qPCR was performed using SYBR green PCR mastermix (Bio-Rad). Quantitative PCR data represent the mean of three independent biological replicates, each performed in triplicate. C T values were normalized using primers specific to the housekeeping gene act-1.
ChIP assays. Mixed-stage populations of worms containing GFPtagged SWSN-7, SWSN-8, and PBRM-1 were exposed to 30°C heat shock for 12 h before cross-linking with 2% formaldehyde for 20 min at room temperature. SWSN-8 and PBRM-1 strains were also tested in the absence of stress (20°C). Samples were quenched using 1 M Tris (pH 7.5), pelleted, snap-frozen in liquid nitrogen, and stored at Ϫ80°C. After sonication, 2.5 mg of extract was immunoprecipitated using 15 g of anti-GFP (ab290; Abcam) or anti-IgG (sc-2004; Santa Cruz Biotechnology) antibodies. After reversal of cross-linking, DNA was purified using a QIAquick PCR purification kit (Qiagen catalog no. 28106) and analyzed by PCR (35 cycles) using the following primers: 5=-GTTTCCTCTGAACACGATT G-3= and 5=-CTAGAACATTCGAGCTGCTT-3= (which amplify a 215-bp region of the hsp-16.1 promoter) and 5=-CTTATATACCCGCATTCTG C-3= and 5=-ACATTCGGTACATGGAAAAG-3= (which amplify a 153-bp region of the hsp-16.2 promoter). To determine the specific promoter region bound by PBAF, we carried out PCR analysis (30 cycles) to amplify the following regions: a 119-bp region upstream of the ESRE sites of hsp-16.1 (5=-TCTTGAAGTTTAGAGAATGAACAGTAA-3= and 5=-CTAGG ACCTTCTAGAACATTCTAA-3=); 76 bp upstream of the ESRE sites of hsp-16.2 (5=-GCACTAGAACAAAGCGTG-3= and 5=-CATTCTGTAAGG CTGCAGA-3=); 99 bp spanning the ESRE sites of hsp-16.1 (5=-GCATTC ATTTCAAAATACACCCCA-3= and 5=-ATTCAGAACATTGAGAAATA GTGTG-3=); 92 bp spanning the ESRE sites of hsp-16.2 (5=-TTCGTTTG AAAATACTCCCGG-3= and 5=-GGTACATGGAAAAGTAGTGTACAC-3=); 119 bp downstream of the ESRE sites of hsp-16.1 (5=-TCGCCCTCC TTTTGCAAG-3= and 5=-GTAGTTTGAAGATTTCACAATTAGAGTG-3=); and a 130-bp region downstream of the ESRE sites of hsp-16.2 (5=-T CGCCCTCCTTTTGCAAC-3= and 5=-CATGATTATAGTTTGAAGATT TCTAATTTC-3=). The following primers were used to amplify mutated ESRE sites of hsp-16.1 promoter: 5=-CCATAGGTGCAAGCATGCC-3= and 5=-TGTTTGGTTCGGTTTTGTCACTG-3=.
Longevity and survival assays. L1-stage worms were seeded onto NGM or RNAi plates and incubated at 20°C for two generations. For longevity assays, worms were scored for survival by their response to mechanical stimuli, and live animals were transferred to new plates every other day. Life-span was defined as the length of time from when animals were put onto the plates at the L1 larval stage until they were scored as dead. For stress-induced survival assays, young adults were exposed to 37°C heat shock and scored for survival based on their response to mechanical stimuli every 1 to 2 h for a total of 12 h.
Microscopy. GFP fluorescence images were collected using a Nikon Eclipse epifluorescence microscope and OpenLab software, and quantification was carried out using ImageJ. Mean fluorescence was determined for each embryo or adult, and isovolumetric background fluorescence was subtracted from each image. Fluorescence intensities provided in the figures are in arbitrary units. Confocal images were obtained on an Olympus IX-71 inverted microscope using MetaMorph software (Molecular Devices).
Statistical analysis. P values for comparisons of means were calculated using the two-tailed Student t test. The statistical significance of effects on survival and life-span was estimated using the log-rank test, performed using software available at http://bioinf.wehi.edu.au/software /russell/logrank/.
RESULTS
The ESRE motif recruits an endogenous sequence-specific DNA-binding activity. Although the ESRE network represents a functionally important and evolutionarily conserved stress pathway in C. elegans, its regulation remains largely uncharacterized. The pathway acts through a DNA element, the ESRE, which consists of a GC-rich core sequence of 11 bp (TCTGCGTCTCT) (34) (35) (36) 41) . Importantly, the ESRE is sufficient to confer stress-inducible reporter expression within the context of an otherwise inactive minimal promoter in C. elegans ( Fig. 1A) (34) . C. elegans strains containing either extrachromosomal or integrated multicopy arrays composed of a 3ϫESRE::GFP reporter and a rol-6(gf) coinjection marker showed weak basal expression in neurons and body wall muscles of both embryos and L1 larvae at 20°C (see Fig.  S1A in the supplemental material). This expression was strongly enhanced within these tissues following heat shock at 30°C (Fig.  1A) . Although expression of the 3ϫESRE::GFP reporter was observed only in embryos and L1 larvae, the importance of the ESRE network in the stress response at later developmental stages has been well established (34) (35) (36) .
To identify nucleotide residues that are critical for ESRE function, we first carried out a mutational analysis of the 3ϫESRE:: GFP reporter. The ESRE sequence was altered at four highly conserved positions (Fig. 1B) , and strains containing variant 3ϫESRE::GFP reporters were generated. Whereas single and double point mutations partially abrogated reporter expression, three or more mutations rendered the motif nonfunctional and prevented GFP expression at both 20 and 30°C ( Fig. 1A; see Fig. S1A in the supplemental material). These mutational variants similarly affected strains containing extrachromosomal arrays comprised of 3ϫESRE::GFP reporters along with an unc-119 marker (see Fig.  S1B and C in the supplemental material). Our mutational analysis specifically implicated base pairs in 5= positions 2, 4, and 9 as critical for ESRE recognition by endogenous activators.
To detect endogenous ESRE-binding factors and to further validate our mutational analysis, we carried out EMSAs on mixedstage worm populations exposed to a 30°C heat shock for 12 h. Nonspecific competitors used in our EMSAs corresponded to ESRE variants examined in the 3ϫESRE::GFP mutational analysis (Fig. 1B) . Whereas single variants could still associate weakly with endogenous ESRE-binding factors, variants containing two or more mutations failed to interact ( :GFP reporter (WT), a control GFP reporter with no ESRE, or ESRE::GFP mutational variants (M1a, M1b, M2, M3, and M4) exposed to 30°C heat shock for 20 h. Expression constructs contained three tandem repeats of the corresponding underlined sequences shown in panel B. All strains were marked with a rol-6(gf) plasmid, and exposure times for each image were identical. (B) Sequences of the "top" DNA strands of the competitors used for EMSAs. Competitors included both a core ESRE sequence (underlined), as well as flanking sequences. The WT (specific) competitor contained the wild-type ESRE motif, whereas the mutant competitors contained the altered nucleotides marked in gray. (C) ESRE-binding activity detected by EMSA using nuclear extracts (NE) from wild-type worms exposed to 30°C heat shock for 12 h. The bracket indicates the location of the shifted band(s). The graph represents quantification of the observed shift intensities. The results are normalized against the M4 shift, arbitrarily set at 100%. (D) Time course of wild-type embryos containing a 3ϫESRE::GFP array exposed to 30°C heat shock. All images used identical exposure times. (E) ESRE-binding activity observed by EMSA using nuclear extracts from wild-type worms exposed to heat shock for the indicated times. Competitors (M3 or WT) are indicated for each lane. The bracket indicates the location of the shifted band(s). Also shown is a quantification of the specific shifted bands. Band intensity at 0 h was arbitrarily set to 1. supplemental material; additional controls for EMSAs are shown in Fig. S2B to D) . These results are highly consistent with those obtained using the 3ϫESRE::GFP reporter (Fig. 1A) and confirm that the ESRE is able to bind a sequence-specific DNA-binding protein(s) that is present in worm nuclear extract after stress.
ESRE expression and binding activity increase after exposure to stress. To further characterize regulation of the ESRE, we measured both 3ϫESRE::GFP expression and ESRE-binding activity at different time points during heat shock. Binding to the ESRE, which was barely detectable under nonstressed conditions, showed strong enhancement during the first hours of exposure, increasing by ϳ4-fold after 4 h of heat shock ( Fig. 1E ; see Fig. S2E in the supplemental material). Continuous exposure to stress resulted in a steady increase in the intensity of the shifted ESRE band, which showed a maximal increase of ϳ10-fold after 12 h. By 24 h of stress exposure, binding activity began to subside, consistent with results from the 3ϫESRE::GFP reporter (Fig. 1D) , as well as previous studies of endogenous ESRE gene expression (34) . These results indicate that the ESRE stress pathway mediates the response to stress by increasing the abundance or binding affinity of one or more endogenous ESRE-binding proteins.
SWSN-7/BAF200 is required for the activation of stress-inducible ESRE genes. Previous studies had implicated SLR-2 and JMJC-1 as positive regulators of the ESRE response pathway (34) . To identify additional positive regulators of the pathway, we performed an RNAi feeding screen on a subset of conserved transcriptional regulators in C. elegans (see Table S1 in the supplemental material). Positive RNAi clones would be expected to abolish or attenuate 3ϫESRE::GFP expression following exposure to high temperatures. One of the tested clones, corresponding to swsn-7/ C08B11.3, reduced 3ϫESRE::GFP expression by ϳ3-fold ( Fig. 2A  and B ). This finding was consistent among multiple independent 3ϫESRE::GFP expression lines tested (Fig. 2C) . Effects of swsn-7(RNAi) on 3ϫESRE::GFP induction were not due to the influ- ence of SWSN-7 on non-ESRE elements within the transgene arrays, as similar results were observed for 3ϫESRE::GFP strains that were marked with either unc-119 or rol-6 (see Fig. S3 in the supplemental material). Furthermore, swsn-7(RNAi) failed to inhibit either P rol-6 ::GFP or unc-119::GFP expression ( Fig. 2; see Fig.  S3 in the supplemental material), indicating that swsn-7 acts specifically through the ESRE and not through regulatory elements present in either the rol-6 or unc-119 genes.
swsn-7 encodes an ortholog of human BAF200, a component of the mammalian SWI/SNF chromatin-remodeling complex (42) . Furthermore, large-scale RNAi screens have shown swsn-7 to be essential for embryonic development in C. elegans (43, 44) . To rule out the possibility that swsn-7(RNAi) led to a decrease in 3ϫESRE::GFP expression because of reduced embryonic fitness or viability, we carried out a dilution series on swsn-7(RNAi) feeding plates. Stepwise dilutions resulted in a gradual decrease in embryonic lethality, which was completely eliminated by an 8-fold dilution of swsn-7 with control RNAi (see Fig. S4A in the supplemental material). Nevertheless, an 8-fold dilution of swsn-7(RNAi) still resulted in a significant (ϳ2-fold) decrease in 3ϫ ESRE::GFP expression after heat shock (see Fig. S4B and C in the supplemental material), indicating that the effect of swsn-7(RNAi) on ESRE gene expression is separable from its role in embryogenesis (also see below).
We next tested the requirement for SWSN-7 on ESRE-related gene expression within the context of a full-length promoter. The heat shock protein genes hsp-16.1 and hsp-16.2 are both upregulated after stress, and both genes contain two functional ESREs within their 5=-proximal promoter regions (35) . Knockdown of swsn-7 by RNAi reduced the expression of P hsp-16.1 ::GFP and P hsp-16.2 ::GFP reporters in adult worms by 3.4-and 2.9-fold, respectively ( Fig. 3A and B) , a finding consistent with results obtained in embryos using 3ϫESRE::GFP reporter strains ( Fig. 2; see Fig. S3 in the supplemental material) . Furthermore, using a null deletion mutation for swsn-7, gk1041, the expression of P hsp-16.1 :: GFP and P hsp-16.2 ::GFP was reduced by nearly 5-fold following heat shock (Fig. 3A and B) . These findings indicate that SWSN-7 can regulate ESRE-mediated gene expression within the context of a full-length promoter. These results also demonstrate that the observed effects of swsn-7(RNAi) are not due to off-target RNAi silencing effects and show that SWSN-7 is required for ESREdependent expression in adults as well as embryos. In addition, swsn-7(gk1041) mutants were strongly compromised for induction of P hsp-16.1 ::GFP following hypoxia, demonstrating that SWSN-7 is required for ESRE gene expression under multiple stress conditions (see Fig. S5 in the supplemental material) (63) .
hsp-16.1 and hsp-16.2 are both regulated by multiple DNA elements. In addition to ESRE sites, both genes are under the control of HSE, DBE (DAF-16 binding element), and hypoxia-responsive regulatory elements (11, 45 ). Thus, it was possible that the observed reduction in P hsp-16.1 ::GFP and P hsp-16.2 ::GFP expression following swsn-7 inhibition reflects a role for SWSN-7 in regulating an element that is distinct from the ESRE. We therefore made use of a P hsp-16.1 ::GFP reporter in which the two tandem ESRE sites were replaced with the binding site for SphI and SalI, respectively (GCATGC, GTCGAC; P hsp-16.1(dd) ::GFP). After heat shock, expression of P hsp-16.1(dd) ::GFP was greatly reduced relative to wild-type P hsp-16.1 ::GFP but was not entirely eliminated, presumably because of the activity of other enhancer elements (Fig.  3C) . Notably, swsn-7(RNAi) failed to further reduce P hsp-16.1(dd) :: GFP expression following heat shock relative to control RNAi (Fig. 3C) (Fig. 3D) . We next analyzed the expression of six putative ESREregulated genes (crh-1, aat-4, cyp-33C8, hsp-3, lin-40 , and C39E9.8), which are stress inducible and are downregulated in slr-2 and jmjc-1 mutants (34). We observed four of the putative ESRE target genes (crh-1, aat-4, cyp-33, and C39E9.8) to be downregulated ϳ2-to 5-fold after heat shock in swsn-7(RNAi) strains versus the control strain (Fig. 3D) . Taken together, our findings strongly support a broad role for SWSN-7 in the positive regulation of stress-inducible ESRE genes in C. elegans.
PBAF, but not BAF, promotes stress resistance. SWSN-7/ BAF200 is a conserved member of the mammalian PBAF subfamily of SWI/SNF nucleosome-remodeling complexes (42) . PBAF, along with the closely related BAF complex, regulates transcription in a variety of contexts (17) . Mammalian BAF and PBAF share eight common subunits, six of which are conserved in C. elegans (Fig. 4A ). In addition, BAF and PBAF contain members that are unique to each complex, which are responsible for orchestrating complex-specific functions (Fig. 4A) (46) . Unlike BAF, which contains only one highly conserved unique subunit, SWSN-8/BAF250, PBAF contains three specific components-SWSN-7/BAF200, PBRM-1/BAF180, and SWSN-9/BRD7-which combinatorially control the expression of distinct sets of genes. Whereas PBRM-1/BAF180 and SWSN-9/BRD7 are conserved in worms, mammals, and flies, SWSN-7/BAF200 is present in humans but not in Drosophila. To assess whether the PBAF complex requires all three PBAF-specific subunits to promote ESRE gene expression, we examined stress-induced expression of 3ϫESRE:: GFP and P hsp-16.2 ::GFP reporters after swsn-7, swsn-9, and pbrm-1 RNAi knockdown. In addition, we tested two of the shared subunits, SWSN-4/BRG1/BRM and SWSN-2.1/BAF60, and the BAFspecific subunit SWSN-8/BAF250. Notably, loss of the PBAF-specific subunits SWSN-7 and PBRM-1, as well as the common subunits (SWSN-2.1 and SWSN-4), led to a clear reduction in ESRE reporter expression after heat stress ( Fig. 4B and C) . In contrast, loss of the BAF-specific subunit, SWSN-8, as well as the PBAF subunit SWSN-9, failed to show effects ( Fig. 4B and C) . RNAi efficiency of the swsn-8 and swsn-9 clones was supported by our observation of embryonic lethality and slow-growth, respectively (see Fig. S6 in the supplemental material; also data not shown), consistent with previous reports (43, 47, 48) . Our findings specifically implicate the PBAF complex in the regulation of ESRE gene induction but suggest that only a subset of the PBAFspecific members are required to carry out this function.
Using chromatin immunoprecipitation (ChIP) and deep-sequencing methods, it was recently shown that two subunits that are common to both BAF and PBAF (SWSN-1/BAF170/155 and SWSN-4/BRG1/BRM) are enriched at ESRE sites within the C. elegans genome (49) . This observation, together with the results described above, suggested that the PBAF complex may be directly recruited to target genes containing an ESRE. To test this, we carried out ChIP studies using functional GFP-tagged SWSN-7 and PBRM-1 transgenes (see below) and assayed for their presence within an ϳ200-bp region of the hsp-16.1 and hsp-16.2 promoters, each of which contains two ESRE sites. Notably, ChIP indicated that both PBRM-1 and SWSN-7 bind to the promoter regions of hsp-16.1 and hsp-16.2 in heat-shocked animals ( Fig. 5A and B) .
To assess whether PBAF binds specifically to ESREs, ChIP analysis was carried out on the hsp-16.1 and hsp-16.2 promoters using the PBRM-1::GFP transgene. Enrichment was observed for primer sets that amplified a 100-bp region encompassing the ESRE sites but not for regions immediately upstream or down- Fluorescence is expressed relative to that in control RNAi worms. Error bars indicate 95% confidence intervals (CIs). Statistical analysis was performed using the Student t test (P ϭ 0.716, n ϭ 30). Also shown are micrographs of heat shock-induced expression of P hsp-16.1 ::GFP and P hsp-16.1(dd) ::GFP pretreated with control RNAi or swsn-7(RNAi). (D) mRNA levels of endogenous ESRE-regulated genes were determined by qPCR for control RNAi and swsn-7(RNAi) strains exposed to 30°C heat shock. Fold changes indicate the expression levels of individual genes in worms treated with swsn-7(RNAi) relative to control RNAi. The data are the means of three biological replicates; error bars represent 95% CIs. Statistical analysis was done using the Student t test (***, P Ͻ 0.001; **, P Ͻ 0.01; *, P Ͻ 0.05).
stream of the ESREs (Fig. 5A and C) . Furthermore, no detectable binding was observed for the BAF-specific subunit, SWSN-8, indicating that binding to the ESRE sites was PBAF specific (Fig. 5A  and C) . To further confirm that PBAF specifically recognizes the ESRE motif, we performed ChIP analysis on a strain that contains wild-type ESRE sites within the endogenous hsp-16.1 promoter but that carries an extrachromosomal array containing mutated ESRE sites (P hsp-16.1(dd) ::GFP). Notably, we observed clear enrichment of PBRM-1 binding at endogenous hsp-16.1 ESRE sites but not at mutated ESRE sites (Fig. 5D) . These results strongly indicate that PBAF, but not BAF, is recruited directly to ESRE sites within the genome to control ESRE gene expression.
To determine whether PBAF associates with the ESRE sites in the absence of stress, we performed ChIP analysis on GFP-tagged PBRM-1 strain under nonstress conditions (20°C). Interestingly, PBRM-1 was clearly enriched at ESRE sites of both hsp-16.1 and hsp-16.2 promoters even in the absence of stress ( Fig. 5A and C) . Similar findings are known in yeast where the heat shock transcription factor (HSF) binds to promoters of heat shock protein (hsp) genes in the absence of stress (50) . swsn-7 and pbrm-1 are stress inducible and are required for viability after stress. Given the importance of PBAF in the robust induction of the stress-inducible ESRE genes, we hypothesized that swsn-7 and pbrm-1 might themselves be stress inducible. We constructed a full-length SWSN-7::GFP reporter containing ϳ900 bp of upstream genomic regulatory sequences. Biological activity of the re- WT and control RNAi levels were both arbitrarily set to 1.0. Relative levels were determined by comparison to wild-type strains grown on OP50 (os13 and n1654) or control RNAi plates (all others). Error bars indicate 95% CIs. Statistical analysis was done using the Student t test; asterisks indicate statistical significance (P Ͻ 0.001) in comparisons with either wild-type (os13 and n1654) or control RNAi (n ϭ 40 to 60) worms.
porter was verified by the rescue of the maternal-effect lethality of swsn-7(gk1041) mutants. In addition, we made use of a functional full-length PBRM-1::GFP, P swsn-7 ::mCherry, and P pbrm-1 ::mCherry reporters (46) . Both SWSN-7::GFP and PBRM-1::GFP were expressed ubiquitously and localized to nuclei throughout development, as would be expected for members of a chromatin-remodeling complex (Fig. 6A) . Moreover, both SWSN-7::GFP and PBRM-1:: GFP were upregulated by ϳ1.4-and 1.7-fold, respectively, after heat shock, indicating that both genes are stress inducible (Fig. 6B) . Surprisingly, swsn-7 and pbrm-1 promoter fusions showed no change in expression following stress (Fig. 6C) . These results suggest that upregulation of SWSN-7 and PBRM-1, following stress exposure, may be regulated at the level of translation or stability.
We next examined the functional consequences of inhibiting swsn-7 and pbrm-1 following stress. Whereas swsn-7(RNAi) had no effect on the viability of adult worms at 25°C, animals incubated at 37°C were much less robust than controls (Fig. 7A) . Likewise, pbrm-1(RNAi) adults showed reduced survival after stress relative to controls, although effects were less dramatic than those observed for swsn-7(RNAi) (Fig. 7B) . Consistent with results using 3ϫESRE::GFP and P hsp-16.2 ::GFP reporters, swsn-9(RNAi) did not lead to a reduction in viability (Fig. 7B) . Thus, PBAF is essential for normal survival following stress, although only a subset of the PBAF-specific subunits are required for this process. Overexpression of SWSN-7 and PBRM-1 increases resistance to stress and leads to the upregulation of ESRE-binding activity. Given that the loss of the PBAF subunits SWSN-7 and PBRM-1 led to a reduction in ESRE reporter expression and de- ChIP analysis using a strain that contains both the wild-type endogenous hsp-16.1 promoter (dotted arrow) and an extrachromosomal array that contains copies of a mutated hsp-16.1 promoter (P hsp-16.1(dd) ::GFP) in which the ESRE sites have been replaced, resulting in a region that is shorter by 15 bp (solid arrow). Note that association of PBRM-1 with DNA is specific to the endogenous hsp-16.1 locus containing wild-type ESRE sites.
creased thermotolerance, we hypothesized that the overexpression of these proteins might be sufficient to enhance survival under stress conditions. To test this, we overexpressed SWSN-7 and PBRM-1, either separately or together, in strains containing the 3ϫESRE::GFP reporter. Overexpression of each subunit alone at 20°C increased GFP expression by ϳ2-fold, whereas extra copies of both of the genes resulted in an even greater enhancement (ϳ4-fold) (Fig. 7E) . Although substantial, upregulation in these strains at 20°C was nevertheless less than that observed for wild type at 30°C, which is upregulated ϳ10-fold (Fig. 7E) , indicating that other factors are required for full induction of ESRE genes after stress.
Because extra copies of swsn-7 and pbrm-1 efficiently induced ESRE-mediated transcription, we next tested whether overexpression of PBAF subunits could increase ESRE-binding activity in worm extracts. EMSA was carried out using nuclear extracts derived from each of the overexpressing strains grown at 20°C. Notably, modest ESRE-binding activity was observed for each of these strains under nonstressed conditions ( Fig. 7F ; see Fig. S2F in the supplemental material), when ESRE binding is normally at or below levels of detection. These findings suggest that overexpression of PBAF can increase the abundance or affinity of an endogenous ESRE-binding protein(s).
To investigate whether increased levels of SWSN-7 and and pbrm-1 (B) by RNAi significantly reduced survival after heat shock at 37°C (P Ͻ 0.001 and P ϭ 0.002, respectively). Note that depletion of swsn-9, a third PBAF-specific subunit, showed no effect on survival (P ϭ 0.474), nor did swsn-7(RNAi) appreciably decrease survival under nonstressed conditions (25°C). (C) Overexpression (OE) of SWSN-7 and PBRM-1 subunits, either separately or together, increased resistance to thermal stress (37°C) compared to the wild type (P Ͻ 0.001). (D) Longevity assays showing that overexpression (OE) of SWSN-7 and PBRM-1 did not increase life-span (P ϭ 0.183), whereas swsn-7(gk1041) mutants did have a reduced life-span (P Ͻ 0.001). Depicted results are averages from three independent experiments. Error bars indicate 95% CIs. Statistical analysis was done using a log-rank test. (E) Quantification of 3ϫESRE::GFP fluorescence in worms that overexpressed SWSN-7 and PBRM-1 either separately or together. Controls included wild-type worms carrying a 3ϫESRE::GFP at 20 and 30°C. Fluorescence intensity of the control worms at 20°C was arbitrarily set to one. Error bars indicate the 95% CIs. Statistical analysis was done using the Student t test; asterisks indicate statistical significance (P Ͻ 0.001; n ϭ 50). (F) ESRE-binding activity observed using EMSA was carried out with nuclear extracts prepared from unstressed (at 20°C) and stressed (30°C) wild-type worms and worms overexpressing SWSN-7 and PBRM-1 (20°C only).
PBRM-1 are beneficial under stress conditions, we exposed overexpressing strains to heat shock (37°C) for 11 h and scored for survival. Notably, all PBAF-overexpressing strains that were tested exhibited significantly enhanced survival compared to the wild type (Fig. 7C) . Because longevity and stress resistance are often coupled (2, 8, 10, (51) (52) (53) (54) , we next examined whether SWSN-7 and PBRM-1 levels affected the life-span of animals. Whereas swsn-7-null mutants lived significantly shorter in comparison with wild type, extra copies of swsn-7 and pbrm-1 did not detectably affect life-span (Fig. 7D) . Taken together, these findings indicate that although overexpression of PBAF does not enhance longevity, the PBAF complex is nevertheless required for normal life-span as well as the adaptation to heat stress.
PBAF may cooperate with histone demethylase activity to modulate ESRE gene expression. Our previous studies demonstrated that a conserved histone demethylase, JMJC-1/NO66, functions as a transcriptional activator of the ESRE genes in worms, flies, and mammals (34) . To assess whether JMJC-1 and PBAF cooperate in regulating ESRE gene expression, we examined expression of the 3ϫESRE::GFP reporter in heat-shocked embryos where either jmjc-1 or swsn-7 or both were depleted. Whereas depletion of each gene alone decreased 3ϫESRE::GFP expression following stress, loss of both of the genes resulted in even greater reduction (Fig. 8A) . In addition, we examined expression of the P hsp-16.2 ::GFP reporter in swsn-7 mutants exposed to control or jmjc-1(RNAi). Notably, RNAi of jmjc-1 significantly reduced expression of P hsp-16.2 ::GFP relative to the control (Fig.  8B) . These results suggest that PBAF and JMJC-1 cooperate to promote ESRE gene expression.
DISCUSSION
We have shown that PBAF, a SWI/SNF family nucleosome-remodeling complex, is a critical regulator of the ESRE pathway, a master stress response network in C. elegans. Although the two main subclasses of SWI/SNF complexes, PBAF and BAF complex, are mostly identical at the level of protein composition, our data specifically implicate PBAF in the regulation of ESRE gene expression. Moreover, of the three PBAF-specific subunits, only two, SWSN-7 and PBRM-1, were required in the ESRE response. To our knowledge, this is the first report demonstrating direct regulation of a stress response network by the PBAF complex in vivo in a multicellular organism.
Recently, it was shown that the BAF complex regulates targets of IIS signaling in C. elegans (49) . Specifically, BAF interacts directly with DAF-16/FOXO to mediate target gene expression. PBAF was not, however, implicated in the regulation of DAF-16/ FOXO targets, supporting a model in which distinct nucleosome remodeling complexes are recruited by different stress response factors. Depletion of certain nucleosome-remodeling complexes (SWI/SNF, ISWI, and CHD) results in hypersensitivity to stress in yeast (22) (23) (24) 55) , although their stress-related functions in multicellular organisms are less well documented. Other classes of chromatin regulators that have been implicated in stress-gene activation include modifiers of histones (12, (56) (57) (58) (59) . For example, the stress-responsive activator of p300, a heat shock-inducible transcription cofactor that facilitates HSF-1 binding, stimulates transcription of hsp70 and hsp90 genes in mammalian cells by increasing chromatin acetylation (59) . An emerging view is that regional chromatin reorganization may often be necessary to achieve robust expression of genes following stress. Consistent with this, our previous studies demonstrated that a conserved histone demethylase, JMJC-1/NO66, functions as a transcriptional activator of the ESRE genes in worms, flies, and mammals (34) . We showed here that SWSN-7 (PBAF) acts cooperatively with JMJC-1 to promote the expression of ESRE genes following stress (Fig. 8) . In some cell types, both PBAF and JMJC-1 may associate with the promoters of ESRE genes through recruitment by one or more DNA-binding proteins. Alternatively, PBAF and JMJC-1 may have more specific functions or relative impact within distinct tissues. Our studies collectively show that neither histone modification nor nucleosome remodeling alone are sufficient to fully induce genes within the ESRE network, but that both activities are required for optimal gene expression following stress. We also note that SLR-2 transcriptional targets include several BAF/ PBAF subunits, which are downregulated in slr-2 mutants (34). Thus, SLR-2 may contribute to the stress response and ESRE gene expression through both JMJC-1 and the PBAF pathways.
Based on our findings, we propose the model shown in Fig. 8C for the regulation of ESRE gene expression. An ESRE-binding protein (EBP) recruits the PBAF complex to target genes containing the motif. This complex may be targeted to some ESRE sites even in the absence of stress, based on findings for hsp-16.1 and hsp-16.2 (Fig. 5) . This may permit genes to be rapidly activated following stress as has been demonstrated for HSF in yeast (50) . Also consistent with this, DAF-16/FOXO, which regulates the expression of many stress-related genes, recruits the BAF complex to promoters under nonstress conditions (49) . Direct regulation by the PBAF complex is supported by our studies with ESRE reporters ( Fig. 3A and B, Fig. 4B and C) , endogenous ESRE gene expression (Fig. 3D) , and by ChIP assays (Fig. 5) . Consistent with this, two subunits common to BAF and PBAF (SWSN-4/BRG1/BRM and SWSN-1/BAF170/BAF155) show enriched binding to ESRE sites in the C. elegans genome (49) . A role for PBAF in the stress response is also supported by data showing that loss of PBAF function led to increased sensitivity to stress (Fig. 7A and B) , whereas increased expression of PBAF led to increased thermotolerance (Fig. 7C) . Moreover, the PBAF subunits SWSN-7 and PBRM-1 were themselves stress inducible (Fig. 6B) . We speculate that preassembled PBAF complexes may be available to promote a rapid transcriptional response but that stress-inducible expression of PBAF subunits ensures that sufficient PBAF is available for the duration of the stress response. Our studies also suggest that the elevated expression of PBAF-specific subunits may be sufficient to promote increased formation of the PBAF complex leading to greater stress tolerance (Fig. 7C ). This could be explained if the subunits that are common to both BAF and PBAF are normally present in excess of PBAF-specific subunits and thus PBAF-specific subunits are rate-limiting. Consistent with this, shared subunits are present at higher levels in mammalian and yeast cells than unique subunits (42, 60, 61) . In addition, nuclear ESREbinding activity also increased after stress exposure ( Fig. 1D and E ; see also Fig. S2E in the supplemental material), implying that a mechanism likely exists to promote EBP expression or DNAbinding activity. Furthermore, overexpression of PBAF leads to a small but detectable increase in ESRE-binding activity (Fig. 7F) , suggesting that PBAF may positively regulate expression of the EBP. This result could be explained by the existence of a positivefeedback loop whereby the EBP, in conjunction with PBAF, activates its own expression.
Although our EMSAs clearly confirmed the presence of an endogenous EBP, its identity remains unknown. Although SLR-2 contains a recognizable DNA-binding domain, evidence suggests that neither SLR-2 nor JMJC-1 binds directly to the ESRE. First, whereas the ESRE is conserved across species, SLR-2 does not appear to have orthologs in non nematode species (34) . Second, ESRE genes are induced following stress in slr-2-and jmjc-1-null mutants, albeit to lower levels than those observed in the wild type (34) . Third, we observed wild-type levels of ESRE binding by endogenous factors in extracts prepared from slr-2-and jmjc-1-null mutants (see Fig. S7A in the supplemental material) . Fourth, a SLR-2 recombinant protein prepared from E. coli failed to interact with the ESRE using EMSA (see Fig. S7B in the supplemental material). Finally, although JMJC-1 is an evolutionarily conserved histone demethylase, it lacks any recognizable DNA-binding domains.
Overexpression of several stress response factors, including DAF-16, SKN-1, and PHA-4, not only increases stress resistance but also leads to longer life-spans (8, 10, 62) . In contrast, overexpression of the PBAF complex led to increased stress resistance (Fig. 7C) but not enhanced longevity, although PBAF appeared to be necessary for a normal life-span (Fig. 7D) . Furthermore, overexpression of SLR-2 or JMJC-1 leads to increased stress resistance but only weakly affects longevity (34) . Thus, factors that regulate the ESRE stress network appear to have relatively little or no impact on life-span underscoring that stress resistance and life-span are not always coupled. Future studies to identify the EBP, as well as other key ESRE-pathway regulators, will provide a more complete understanding of the complex cellular networks that coordinate the response to stress in multicellular organisms.
